Background and aims The role of lateral roots in the acquisition of nutrients and contaminants from the soil may vary between mobile and immobile solutes. The aim of the present study was to quantify the contributions of lateral roots to growth and elemental uptake under different conditions. Methods A lateral rootless mutant of rice (Oryza sativa) with a gain-of-function mutation in OsIAA11 was compared with its wild-type (WT) in hydroponic, pot and field conditions. Three soils varying in the P availability were used in the pot experiment. Synchrotron fast X-ray fluorescence (XRF) was used to map the distribution of trace elements in fresh hydrated roots. Results The Osiaa11 mutant grew smaller compared with the WT in all three experiments, especially in the field. The difference was larger in a P-sufficient soil than in P-deficient soils in the pot experiment. Elemental concentrations in the roots and shoots were affected differently by the mutation, depending on the elements and the growth media. The apparent contributions of lateral roots to elemental uptake varied from 2.7 to 82.5% in the hydroponic experiment, from −19.8 to 76.4% in the pot experiment, and from 30 to 76% in the field experiment. In general, the apparent contributions to the uptake of P, Mn, Zn, Cu and As were larger than that for the biomass, whereas for N, S and K the apparent contributions were smaller than or similar to the effect on plant biomass. Synchrotron XRF revealed strong accumulation of Mn, Zn, Cu, As and Se in the lateral roots of the WT. Conclusions Lateral roots play an important role in the acquisition of less mobile elements such as P, Mn, Zn, Cu and As, but have relatively small effects on the acquisition of mobile elements such as N, S and K.
Introduction
Plant roots play a pivotal role in the uptake of nutrients and water from the soil and in providing anchorage. The root system architecture (RSA) is highly plastic, varying greatly between and within plant species and responding to environmental conditions such as nutrient availability (Lynch 1995; Nibau et al. 2008 ). An important component of RSA is the formation of lateral roots (LRs); these branch out from the primary roots through the formation of lateral root primordia that initiate from pericycle founder cells (De Smet 2012; Nibau et al. 2008) . The formation of LRs is closely linked to the auxin-signalling pathway (Fukaki et al. 2007; Kitomi et al. 2012) .
Depending on the plant species, developmental stage and environmental conditions, LRs can make up a large portion of the root system. In a study of rice (Kawashima 1988) , LRs accounted for approximately 97% of the total root length, 30% of the total root volume and 78% of the total root surface area. It is thought that LRs are particularly important for the acquisition of immobile nutrients such as phosphate (Fitter et al. 2002) as plant uptake in such cases is strongly limited by the diffusion of the ions to the root surface (Barber 1984; Tinker and Nye 2000) . Proliferation of LRs greatly increases the volume of soil that can be explored by roots for immobile nutrients. Low availability of P also generally stimulates the initiation and growth of LRs (Williamson et al. 2001; Zhu and Lynch 2004) . In contrast, LRs may be less important for mobile nutrients such as nitrate. Indeed, Fitter et al. (2002) showed that the Arabidopsis thaliana axr4 mutant, which develops fewer LRs than the wild-type (WT) plant, was less competitive than WT under low P conditions, but its relative fitness was unaffected by the availability of nitrate. Nevertheless, LRs proliferate in response to localized nitrate-rich patches in the growth medium when plants lack sufficient N, but the growth of LRs is inhibited by a uniformly high availability of nitrate (Drew 1975; Zhang and Forde 1998) . This behaviour may be explained by the competitive advantage conferred by LR proliferation for acquisition of nutrients whose availability varies spatially and temporally (Robinson et al. 1999 ).
In addition to increased root surface area which enhances uptake and transfer of elements through the symplastic pathway, LRs may also enhance solute uptake via the apoplastic pathway. This is because the formation of LRs breaks through the endodermal cells where the Casparian band forms. The apoplastic pathway occurs in the root tip zone where the Casparian band has not yet formed or around the LRs where the Casparian band in the primary root is disrupted. There is evidence that the apoplastic pathway is important for the radial movement of nutrients and contaminants such as Ca, Na, Zn, Fe and Cd to the xylem (Clarkson 1984; Lux et al. 2011; White 2012; Yeo et al. 1987) . However, recent studies suggest that the path of Na bypass flow (i.e. the apoplastic pathway) in rice may not be at the sites of lateral root emergence (Faiyue et al. 2010; Krishnamurthy et al. 2011) .
Despite the potential importance of LRs in the acquisition of various nutrients and contaminants, there have been few studies that quantify the contributions of LRs to their uptake. Ma et al. (2001) showed that a rice mutant defective in the formation of LRs took up significantly less Si than the WT from either nutrient solution or soil. Soluble Si in soil solution is present predominantly as undissociated silicic acid and its movement to the root surface is unlikely to be limited by diffusion (Ma et al. 2001) . However, LRs possess silicic acid transporters (Yamaji and Ma 2007) and can therefore contribute to Si uptake through the symplastic pathway. The relative contribution of LRs to Si uptake was found to be greater under conditions of high Si supply than under low Si supply (Ma et al. 2001) , suggesting that the apoplastic pathway may also contribute. Paszkowski and Boller (2002) showed that a maize lateral root mutant (lrt1) grew poorly compared with WT plants, but the growth defect could be partially compensated for by either a high P supply or symbiosis with arbuscular mycorrizhal fungus, suggesting an important role of LRs in P acquisition. Faiyue et al. (2010) found that two lateral rootless mutants (lrt1, lrt2) of rice contained 20-25% lower Na concentration than their WTs, even though the apoplastic pathway measured using trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid was actually significantly increased in the mutants.
The objective of the present study was to quantify the contributions of LRs to growth and uptake of nutrients and contaminants in rice using a mutant defective in LR formation. The mutant has a gain-offunction mutation in the OsIAA11 gene, resulting in the inability to initiate LR primordia (Zhu et al. 2012) . OsIAA11 is a member of the rice Aux/IAA gene family. The Aux/IAA proteins are transcriptional repressors that bind to the ARF activator. In the Osiaa11 mutant, a point mutation in the conserved core sequence GWPPV of the domain II most likely stabilizes the OsIAA11 protein, preventing it from degradation (thus gain of function) and resulting in the repression of the transcription of auxin-activated genes (Zhu et al. 2012) . In the present study, the Osiaa11 mutant was compared with its WT under different conditions, including hydroponic culture, a pot experiment with soils differing in P availability and in a paddy field. Moreover, we took an ionomic approach (Salt et al. 2008) to capture information on the status of nutrients and contaminants in different rice tissues and used synchrotron-based X-ray fluorescence imaging to investigate the distribution of a number of trace elements in primary roots and associated LRs.
Materials and methods

Plant materials
An LR mutant (Osiaa11) was isolated from a methanesulfonate (EMS) mutagenized population of rice (Oryza sativa L. cv Kasalath) as described previously (Zhu et al. 2012) . Homozygous seeds of the mutant were used in the experiments described below.
Growth and the uptake of nutrients and contaminants Three experiments were carried out under different conditions, including a hydroponic experiment, a soil pot experiment and a field experiment. In the hydroponic experiment, two strengths of nutrient solutions, full (CK) and 1/5 strength (1/5 CK), were used. and 2 mM MES (2-(N-morpholino) ethanesulfonic acid). The pH of the nutrient solution was adjusted to 5.5 using 0.1 M NaOH or 0.1 M HCl. After germination, the seedlings (7-day old) of the WT and mutant were transferred to the two nutrient solutions (one plant per 0.5 L pot) and placed in a growth chamber with the following conditions: 30/22°C (day/night temperatures), 60-70% humidity, 12 h photoperiod with a light intensity of about 500 μmol photons m −2 s −1 at the leaf surface. The experiment used a randomized block design with 4 replicates per treatment. Plants were grown for 21 days in the two nutrient solutions, which were renewed every 7 days and pH was adjusted every 3 days. Nutrient solutions were not aerated as rice roots are able to release O 2 into the rhizosphere. At the end of the experiment, shoots and roots were separated, rinsed twice with distilled water and dried at 70°C for 72 h.
The soil pot experiment was conducted inside a glasshouse with the following conditions: day/night temperatures 28/25°C, light period 16 h per day with natural sunlight supplemented with sodium vapour lamps to maintain light intensity of >350 μmol m −2 s −1 . Three soils differing in P availability (P1-3) were collected from three plots (0-20 cm depth) of a longterm experiment at Rothamsted, southeast England. Available P was less than sufficient for plant growth in soils P1 and P2 and sufficient in soil P3 (Table 1) . Other soil properties were similar among the three soils. Soils were air dried, ground to pass an 8-mm sieve and homogenized. 500 g of soil was placed in each plastic pot, to which 600 mg N (80% N as NH 4 NO 3 , 20% N as (NH 4 ) 2 SO 4 ) were added. Two 6-day-old seedlings were transplanted into each pot and maintained under flooded conditions with a 2-3 cm layer of water above the soil surface. The experiment used a factorial design with two rice lines and three levels of available P, with each treatment being replicated in 4 pots. Plants were grown for 25 days before harvest. Shoots and roots were separated, washed with tap water first and rinsed twice with deionized water, before being dried at 70°C for 72 h.
The field experiment was conducted in a paddy field in Changxing County, Zhejiang Province, China. The soil contained 299 mg kg −1 total P, 9.4 mg kg −1 available Pi (by the Olsen P method), 1113 mg kg −1 total N and 4262 mg kg −1 total K concentration. Soil pH was 6.9. Seedlings of the mutant and WT were transplanted to the field arranged in a randomized block (four replicates each with 10 plants). The paddy field was maintained under flooded conditions throughout the rice growth period. Fertilizers (209 kg N ha −1 as urea, 32 kg P ha −1 as single superphosphate and 112 kg K ha −1 as potassium chloride) were applied to the plants according to the normal practice for paddy rice in the region. Plants were harvested at maturity and separated into straw, husk and brown rice, and dried at 70°C for 72 h.
Chemical analysis
Plant materials were ground to fine powders. Approximately 0.2 g dry weight of each sample was digested in 5 ml of mixed HNO 3 /HClO 4 (85:15 v:v). The concentration of Mo, Se, As and Cd in the digests were determined by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500ce), and the concentrations of P, K, Ca, Mg, Na, Fe, Mn, Cu and Zn were determined by inductively coupled plasma atomic absorption spectrometry (ICP-AES; Perkin Elmer Optima 3300 DV). Blanks and a certified reference material (tomato leaf material, NIST 1573a) were included in each batch of samples for quality control. Nitrogen concentrations in the plant samples from the hydroponic and field experiments were determined using the Kjeldahl method with a Nitrogen Analysis Instrument. The concentrations of Se, As and Cd were not determined in the samples from the hydroponic experiment because these elements were not added to the nutrient solutions.
Synchrotron fast X-ray fluorescence (XRF) mapping of trace elements in roots
Seedlings of the mutant and WT (7 days old) were transferred to a hydroponic culture solution for 1 week as described above, then exposed to 10 μM arsenite (as NaAsO 2 ) and 5 μM selenite (as Na 2 SeO 3 ) for 3 days before analysis. The roots were harvested immediately prior to analysis, rinsed in ultrapure water, and placed between two 4 μm thick pieces of Ultralene film which were tightly sealed around the root to avoid dehydration. Samples were analysed at the X-ray fluorescence microscopy (XFM) beamline at the Australian Synchrotron. This beamline is equipped with an in-vacuum undulator, a Si (111) monochromator and a pair of KirkpatrickBaez mirrors which produce a focused beam of approximately 2×2 μm (Paterson et al. 2007 ). Xray fluorescence emitted by the specimens was collected using the 384-element Maia detector placed in a backscatter geometry (Kirkham et al. 2010) . The samples were scanned on the fly in the horizontal direction with spectra collected every 2 μm in both the vertical and horizontal direction. The transit time per pixel was 2.6 ms. The XRF spectra were analyzed using GeoPIXE (Ryan and Jamieson 1993; Ryan 2000) .
Data analysis
The apparent contribution of LRs to growth (biomass) and total (shoots and roots) element uptake was calculated from the difference between the WT and mutant as follows:
Data were analysed by two-way analysis of variance (ANOVA) with rice genotype and nutrient strength or P availability as factors. Mean values of the treatments were compared using the Duncan's multiple range test at the probability level of 5%. The statistical software SAS9.0 was used in the analysis. Results
Root phenotypes and plant growth in hydroponic culture
The WT produced numerous short lateral roots, which were absent from the mutant (Fig. 1a) . In hydroponic culture, the length of the longest seminal root of the mutant was significantly longer than that of the WT in the treatment with 1/5 nutrient supply, but the difference was not significant in the normal nutrient treatment (Fig. 1b) . Root biomass was smaller in the mutant, but not significantly so, whereas shoot biomass was significantly reduced in the mutant compared with the WT (Fig. 1c and d) .
The patterns of trace element accumulation in roots
To investigate the distribution patterns of trace elements, fresh hydrated roots grown in hydroponic culture were scanned using synchrotron-based XRF. It should be pointed out that analysis of freshly hydrated tissues has only been achievable in recent times due to the implementation of fast detector systems such as the Maia-384 detector available at the Australian Synchrotron (Lombi et al. 2011) . Fluorescence maps were collected for the trace elements As, Cu, Mn, Zn and Se. The images for the WT and mutant samples were taken from separate scans and scaled separately to maximize the information about element distribution within each sample. At 2.4 cm from the root tip where LRs formed in the WT, there was strong accumulation of all the elements investigated, especially Mn, in lateral roots (Fig. 2 ). In the case of As, there were hot spots around the stele region where LRs emerged. In contrast, the mutant had no lateral roots. Accumulation of Cu and As in the stele of both the mutant and WT was also observed. It appeared that stele accumulation was more marked for Mn and Zn in the WT.
Element uptake in hydroponic experiment
In the hydroponic experiment with two levels of nutrient supply, the concentrations of various nutrients in the roots and shoots were affected differently by the lateral root mutation (Table 2) . At both levels of nutrient supply, the concentrations of Ca, Mg, Mn and Zn in the shoots of the mutant were significantly lower than those of WT. For other elements the effect of lateral root mutation was not consistent between the two nutrient levels. In the roots, the concentrations of K, Mg, S, Fe, Cu and Mo were also lower in the mutant at the low nutrient supply, and of Ca, Zn, Cu and Mo at the normal nutrient supply. The concentrations of other elements were either increased or unaffected.
The apparent contribution of LRs to element uptake (data presented in Supplementary Table S1) varied from 2.7% to 82.5% and from 19.6% to 63.5% at the low and normal nutrient supply, respectively (Table 2) . For Mn, Zn, Fe, Cu, Ca and Mg, the apparent contribution of LRs was larger than the effect on plant biomass at both levels of nutrient supply, suggesting that LRs were particularly important for uptake of these divalent cations.
Plant Growth and element uptake in the pot experiment Three soils differing in P availability were used in this experiment; other soil properties and nutrient levels were similar (Table 1) . After 25 days of growth, root biomass of the mutant was 8-25% smaller than that of WT and the difference was significant in the two low P (P1 and P2) soils (Fig. 3a) . Shoot biomass of the mutant was 20-44% less than that of the WT (significant in all three soils), with the difference increasing with P availability (Fig. 3b) . The mutant had a significantly larger root to shoot biomass ratio than the WT in the P2 and P3 soils.
The P concentration of mutant roots was significantly lower than that of the WT in all three soils, whereas the difference was significant for shoot P concentration only in the high P (P3) soil ( Fig. 3c and d) . Lateral root mutation also affected the concentrations of other elements in roots and/or shoots; concentrations of the majority of elements determined were decreased in the mutant, but there were also a number of elements that were either increased or unaffected (Table 3) . Most noticeable were the changes in Mn concentration, which decreased by approximately 35 and 75% in the roots and shoots respectively. In contrast, the S concentration was either increased or unchanged in the mutant compared with the WT. The apparent contribution of LRs to growth (shoot and root biomass) increased from 19% in the P1 soil to 37% in the P3 soil (Table 3) . Compared with biomass, LRs contributed more to the total uptake (data presented in Supplementary Table S2) of P, Fe, Mn, Zn, Cu, As and Cd, but less to the uptake of K and S. For Na, Ca and S, the apparent contribution was negative in the P1 soil. In general, the apparent contribution increased with the P availability. Analysis of variance showed highly significant effects (P<0.001) of genotype and soil P level on the total uptake of P, as well as significant (P<0.001) interactions between these two factors.
Growth and element uptake in the field experiment
The lateral root mutant grew much smaller than the WT in the field experiment. At maturity, the biomass of straw and grain from the mutant were 52 and 60% lower than that of the WT respectively (Table 4 , Fig. 4a ). The effect of lateral root mutation on elemental concentration depended on the element and plant tissue. Compared with the WT, the mutant had significantly lower concentrations of P, Na, Mn, Zn, Cu and As in straw, and of P, K, Ca, Mg, Fe, Mn, Zn, Se and As in brown rice (Fig. 4a) . In contrast, the mutant had higher concentrations of N and Mo in straw and brown rice (all significant except for straw N). For all elements analysed except Mn, the mutant had significantly higher concentrations in the husk, with the difference between the mutant and WT varying from 24 to 310%.
The apparent contribution of LRs to the total above-ground biomass at maturity was 56%. For total element uptake (data presented in Supplementary  Table S3 ) the apparent contribution varied from 30% for Mo to 76% for both P and Cu (Fig. 4b) . The apparent contributions for 8 elements (P, K, Na, Mg, Mn, Zn, Cu and As) were greater than that for the biomass, whereas for N, Fe and Mo the opposite was observed. For Ca, S and Se, the apparent contributions by LRs were similar to that for biomass.
Discussion
The LR mutant grew smaller compared with the WT in all three experiments. This could result from decreased nutrient uptake and/or from other effects associated with a disruption in the auxin signalling pathway. The reduction in biomass was larger in the field experiment than in either the hydroponic or the pot experiments, probably because the plants were allowed to grow to maturity in the former, whereas the latter were short-term experiments. Surprisingly, the apparent contribution of LRs to shoot or root biomass decreased with decreasing soil P availability in the pot experiment. This observation is inconsistent with the hypothesis that LRs are more important at P-limiting than P-sufficient conditions. It is clear that the P supply in both P1 and P2 soils was too low to sustain the growth even for the WT, thus limiting its growth potential despite the presence of LRs. Similarly, Hammond et al. (2009) observed that the accessions of Brassica oleracea producing larger biomass under high P supply had a greater number of lateral roots, which also grew faster, compared with accessions that had average or low yields at high P supply. The apparent contribution of LRs to nutrient and contaminant uptake varied between elements and experimental conditions. These variations make the interpretations of the results difficult, but some general trends could be observed. Because the apparent contribution for element uptake was calculated from the difference between WT and the mutant in the total amounts of elements accumulated in the plants, the estimate encompasses both the direct effect of LRs on element accumulation and the indirect effect on plant growth; the latter would lead to a larger demand for nutrients. On the other hand, the values obtained may underestimate the true contributions of LRs, because the mutant may have compensated for the lack of LRs with increased growth of primary roots. For P (except the full nutrient level in the hydroponic experiment), Mn, Zn, Cu and As, the apparent LR contributions were generally larger than that those for the biomass in all three experiments (Tables 2 and 3 and Fig. 4d ), suggesting a particularly important role played by LRs in the uptake of these elements. The uptake of these elements is likely to be limited by the diffusion to the root surface (Barber 1984; Tinker and Nye 2000) , thus explaining the relatively large contributions of LRs. Previously, Ma et al. (2001) showed that LRs, but not root hairs, were important for Si uptake by rice. The Si transporter LSi1 is also expressed in rice LRs (Yamaji and Ma 2007) . Because arsenite is taken up mainly through the Si uptake pathway in rice (Ma et al. 2008; Zhao et al. 2010) it is not surprising that LRs also contribute significantly to As accumulation. In contrast, the apparent contributions of LRs to the uptake of N, S and K were similar to or smaller than those for the biomass, suggesting a smaller effect of LRs, which may be related to the effect of auxin signalling on plant growth. For nitrate and sulphate, the movement of these anions to the root surfaces is not limited by the diffusion process (Barber 1984; Tinker and Nye 2000) . Although ammonium is the main form of N in flooded paddy soils, significant nitrification may occur in the rhizosphere due to the release of O 2 by rice roots (Arth and Frenzel 2000) . In Evidence for a role of LRs in element acquisition can also be seen from the X-ray fluorescence images of As, Cu, Mn, Zn and Se showing strong signals of these trace elements in the LRs (Fig. 2) . In particular, LRs showed strong accumulation of Mn compared with the primary roots. This is consistent with the high apparent contributions of LRs to Mn uptake in all three experiments. The pattern of Mn accumulation also suggests that LRs may have a high density of Mn transporters compared with the primary roots. In the case of As, the signals were high in the LRs with hot spots also being observed where LRs initiate from the primary roots. This pattern may be explained by the contribution of the apoplastic pathway and/or by a preferential accumulation of As in some cells in the stele. Recently, using computed X-ray fluorescence tomography, Kopittke et al. (2012) showed that arsenite, more than arsenate, accumulated at the endodermis about 1 mm from the root apex. Moore et al. (2011) showed that As was strongly sequestered in the vacuoles of the pericycle cells and, to a less extent, the endodermis of rice roots, likely in the form of arsenite-phytochelatin complexes. The hot spots of As may correspond to the pericycle cells from which the LRs initiate (Fig. 2 ).
An interesting observation from the field experiment was that the husk of the LR mutant accumulated higher concentrations than the WT of most of the elements analysed, whilst the concentrations in both straw and brown rice were lower (Fig. 4) . It is possible that a disruption in auxin signalling due to the mutation of OsIAA11 may affect element distribution between plant tissues, especially between the husk and the brown rice, although the underlying mechanism remains unclear. A previous study has shown that OsIAA11 mutation did not affect fertility (Zhu et al. 2012 ).
In conclusion, LRs play an important role in the acquisition of elements in rice, especially those that are likely to be limited by the diffusion process in the rhizosphere. A mutation in OsIAA11 also affects element distribution between husk and rice grain.
